From a forward genetic screen for phagocytosis mutants in Drosophila melanogaster, we identified a mutation that affects peptidoglycan recognition protein (PGRP) SC1a and impairs the ability to phagocytose the bacteria Staphylococcus aureus, but not Escherichia coli and Bacillus subtilis. Because of the differences in peptidoglycan peptide linkages in these bacteria, our data suggest that PGRP-SC1a is necessary for recognition of the Lys-type peptidoglycan typical of most Gram ؉ bacteria. PGRP-SC1a mutants also fail to activate the Toll͞NF-B signaling pathway and are compromised for survival after S. aureus infection. This mutant phenotype is the first found for an N-acetylmuramoyl-L-alanine amidase PGRP that cleaves peptidoglycan at the lactylamide bond between the glycan backbone and the crosslinking stem peptides. By generating transgenic rescue flies that express either wild-type or a noncatalytic cysteine-serine mutant PGRP-SC1a, we find that PGRP-SC1a amidase activity is not necessary for Toll signaling, but is essential for uptake of S. aureus into the host phagocytes and for survival after S. aureus infection. Furthermore, we find that the PGRP-SC1a amidase activity can be substituted by exogenous addition of free peptidoglycan, suggesting that the presence of peptidoglycan cleavage products is more important than the generation of cleaved peptidoglycan on the bacterial surface for PGRP-SC1a mediated phagocytosis.
From a forward genetic screen for phagocytosis mutants in Drosophila melanogaster, we identified a mutation that affects peptidoglycan recognition protein (PGRP) SC1a and impairs the ability to phagocytose the bacteria Staphylococcus aureus, but not Escherichia coli and Bacillus subtilis. Because of the differences in peptidoglycan peptide linkages in these bacteria, our data suggest that PGRP-SC1a is necessary for recognition of the Lys-type peptidoglycan typical of most Gram ؉ bacteria. PGRP-SC1a mutants also fail to activate the Toll͞NF-B signaling pathway and are compromised for survival after S. aureus infection. This mutant phenotype is the first found for an N-acetylmuramoyl-L-alanine amidase PGRP that cleaves peptidoglycan at the lactylamide bond between the glycan backbone and the crosslinking stem peptides. By generating transgenic rescue flies that express either wild-type or a noncatalytic cysteine-serine mutant PGRP-SC1a, we find that PGRP-SC1a amidase activity is not necessary for Toll signaling, but is essential for uptake of S. aureus into the host phagocytes and for survival after S. aureus infection. Furthermore, we find that the PGRP-SC1a amidase activity can be substituted by exogenous addition of free peptidoglycan, suggesting that the presence of peptidoglycan cleavage products is more important than the generation of cleaved peptidoglycan on the bacterial surface for PGRP-SC1a mediated phagocytosis.
antimicrobial peptides ͉ N-acetylmuramoyl-L-alanine amidase ͉ pattern recognition receptor H ost receptors must recognize a microbe before any immune response can begin. After recognition, signaling pathways are activated and result in effector responses such as induction of antimicrobial peptides (AMPs), melanization, and phagocytosis, which are important for controlling the infection. Much is known about the signaling pathways important for the AMP response in Drosophila, but less is known about the regulation of the other two responses. In Drosophila, if phagocytosis is blocked in a mutant that is already impaired for the AMP response, a normally innocuous Escherichia coli infection becomes lethal (1) . Phagocytosis is also likely to be a first line of defense, because the response involves specific interaction between microbe and host receptors and occurs within half an hour (1) , whereas the induction of AMPs occurs over several hours and AMPs can act on diverse groups of microbes.
The peptidoglycan recognition proteins (PGRPs) are critical receptors in the Drosophila immune response that are required for the recognition of peptidoglycan, a component of bacterial cell walls (2, 3) , and for subsequent activation of AMP gene expression (4) (5) (6) (7) (8) (9) (10) . PGRPs were first characterized in the moths Bombyx mori and Trichoplusia ni (11) (12) (13) (14) and proposed to be receptors that can trigger immune responses. PGRPs have also been identified in mammals, and mutant PGRP mice have been generated (15, 16) , but the most comprehensive characterization of PGRPs has been performed in the genetic model organism Drosophila melanogaster. Drosophila has 13 PGRP genes, six long (L) forms with four that are predicted to reside in the plasma membrane, and seven short forms (S) that are all predicted to be secreted (7, 8, 17) . PGRPs share homology with N-acetylmuramoyl-L-alanine amidases, which cleave peptidoglycan at the lactylamide bond between the glycan backbone and the stem peptides (11) . Some PGRPs, such as PGRP-LC, -LE -SA, and -SD, lack a critical cysteine in the catalytic pocket and are not able to cleave peptidoglycan (18) . PGRP-LC, -LE, and -SA have been demonstrated to bind peptidoglycan and are necessary for expression of AMP genes (6, 10, 17, 19, 20) , supporting the hypothesis that PGRPs directly recognize bacteria and activate immune responses. The identification of mutations in PGRP-SA (seml) and PGRP-LC (ird7 or totem) indicated that these genes are necessary for activation of the two signaling pathways regulating AMP gene expression, the Toll pathway that responds to Gram ϩ bacteria and fungi and the Imd pathway that responds to Gram Ϫ bacteria (4, 5, 8, 21 (22) . Two other noncatalytic PGRPs, PGRP-LE and PGRP-SD, also play a role in activation of the Imd and Toll pathways, respectively (23, 24) . PGRP-LC, PGRP-LE double mutants show a more dramatic phenotype to Bacillus and Gram Ϫ bacterial infection than either mutation alone, suggesting that PGRP-LE acts with PGRP-LC in the recognition of Gram Ϫ DAP-type peptidoglycan for the activation of the Imd pathway (24) . PGRP-SD may be playing a similar role with PGRP-SA for activation of the Gram ϩ ͞Toll pathway (23) .
Catalytic PGRPs, such as PGRP-SC1a and -SC1b, include this cysteine residue in the active site, and are potent enzymes that cleave peptidoglycan between the N-acetylmuramic acid of the backbone and the L-alanine in the stem peptide (18) . After digestion with PGRP-SC1b, staphylococcal peptidoglycan exhibits less activation of the AMP genes in a Drosophila blood cell line, so it was hypothesized that catalytic PGRPs may act as scavengers to limit an inflammatory response to free peptidoglycan (18) . This may not be absolute, as PGRP-SC1b-digested Gram Ϫ peptidoglycan is still able to activate the AMP response in S2 cells, albeit at a higher dose (6) . However, we wanted to examine the role of these genes in vivo.
In a genetic screen for phagocytosis mutants, we identified a novel mutant, picky. picky flies fail to phagocytose S. aureus particles but can phagocytose E. coli, Bacillus subtilis, and Saccharomyces cerevisiae zymosan particles. picky mutants have defects in the activation of the Toll pathway. picky maps to the location of the PGRP-SC1a, -SC1b, and -SC2 genes, and picky flies express significantly less PGRP-SC1a. The picky defects can be rescued by expression of PGRP-SC1a, indicating that PGRPSC1a is important for phagocytosis and activation of AMP responses. These results differ from the prevailing model of catalytic PGRPs as scavengers and suggest that in vivo, PGRPSC1a is required for initiating immune pathways. By comparing a wild-type PGRP-SC1a with a cysteine-serine mutant PGRPSC1a for rescue of picky phenotypes, we find that the catalytic activity is essential for phagocytosis of live S. aureus, but not for activation of the Toll pathway. To identify genes important for phagocytosis, we screened a collection of ethylmethane sulfonate-induced adult viable mutants (25) using an in vivo phagocytosis assay (1) . To determine what a mutant might look like, we first examined the PGRP-LC (ird7) and PGRP-SA (seml) mutants. PGRP-LC was reported to be a recognition receptor for phagocytosis of E. coli in S2 cells (9) . However, this study contradicted another report citing that ird7 blood cells can phagocytose bacteria (4) . We found that ird7 mutants were able to phagocytose both E. coli and S. aureus particles (Fig. 1 ). This finding suggested that phagocytosis of Gram Ϫ bacteria may require other receptors in addition to PGRP-LC in vivo. In contrast, we found that seml mutants were specifically impaired in their ability to phagocytose S. aureus but not E. coli (Fig. 1) . We found that 94% (29 of 31 flies) of the seml mutant flies were able to phagocytose E. coli, but only 25% (17 of 69 flies) were able to phagocytose S. aureus. This finding suggests that PGRP-SA may be important for recognition of Gram ϩ bacteria for phagocytosis in addition to its role in activating the Toll pathway. In contrast, flies with mutations affecting other Toll pathway components, spatzle (the Toll ligand) and Dif (an NF-B) were still able to phagocytose S. aureus (Fig. 5 , which is published as supporting information on the PNAS web site), indicating that the phagocytosis defect is not a secondary effect from loss of Toll signaling.
From our pilot screen, we identified one mutation that we named picky eater Z2Ϫ4761 (picky) because the mutants fail to phagocytose S. aureus particles, but can still phagocytose E. coli and Saccharomyces cerevisiae zymosan particles ( Fig. 1 ; data not shown). Only 25% of picky mutant flies showed any phagocytosis response to S. aureus, but 83% of those same flies were still able to phagocytose E. coli. To investigate whether the recognition involved the difference in peptidoglycan between Gram ϩ and Gram Ϫ bacteria, we examined phagocytosis of a B. subtilis-GFP strain (27) . picky mutants were able to phagocytose B. subtilis (data not shown). This finding suggests that the picky gene product is important for the specific recognition of the Lys-type peptidoglycans, typical of most Gram ϩ bacteria, but not found in Bacillus spp.
We next examined whether the picky flies were susceptible to S. aureus or E. coli infection by assessing survival over a 30-h period ( Fig. 2A) . Compared with the isogenic parental flies, picky flies were significantly more susceptible to S. aureus infection (P Ͻ Ͻ 0.001) but not to E. coli or PBS alone (P ϭ 0.60 and P ϭ 0.69, respectively). For comparison with a mutant known to be susceptible to S. aureus (23) , the susceptibility of seml to S. aureus infection was also examined (Fig. 6A , which is published as supporting information on the PNAS web site). seml flies were significantly more susceptible than the parental flies (P Ͻ Ͻ 0.001) but not significantly different from picky (P ϭ 0.19).
Because picky flies appeared to be impaired in the recognition of S. aureus for phagocytosis and survival, it was possible that the mutation might also affect activation of the Toll or Imd pathways. The induction of Drosomycin and Diptericin AMP genes is often used to assess activation of the Toll͞Gram ϩ and Imd͞ Gram Ϫ signaling pathways, respectively (1, 4-6, 9, 28-35) . The AMP responses in picky were compared with those of the known Toll pathway components, seml and Dif, and to an Imd pathway component, ird7 (Fig. 6B) . picky flies showed no induction of aureus infection than the isogenic parental (iso) wild-type stock. Shown are survival curves over a 30-h period for wild-type and picky flies injected with S. aureus, E. coli, or PBS. Survival after S. aureus injection differed significantly between wild-type and picky (P Ͻ Ͻ 0.001). Additionally, survival of S. aureus injection was very significantly less than survival of PBS injection for picky but not for wild type (P Ͻ Ͻ 0.001 and P ϭ 0.40, respectively). There was no statistically significant difference in survival after E. coli injection between wild type and picky (P ϭ 0.60), or between survival after E. coli or PBS for wild-type or picky adults (P ϭ 0.40 and P ϭ 0.38 respectively). (B) picky mutants are impaired in the induction of Drosomycin but not Diptericin. Shown are bar graphs comparing the wild type with picky with expression of Diptericin and Drosomycin in response to S. aureus (ϩS) or E. coli (ϩE) at 2 h compared with uninfected (Ϫ). The graphs are normalized to the parental wild-type uninfected (Ϫ), and error bars show standard deviation.
Drosomycin in response to S. aureus, E. coli, or Micrococcus luteus (Figs. 2B and 6B) at either 2 or 24 h. All of the S. aureus-infected picky flies were dead at 24 h, so the Drosomycin expression in this sample was not assessed. seml and Dif both show some induction of Drosomycin at 2 and 24 h. In comparison, picky has a more consistent and dramatic effect on Drosomycin expression and likely encodes an essential component of the Toll pathway. In contrast, the expression of Diptericin in response to bacterial infection in picky mutants was higher than that seen in wild type (Fig. 2B) . Therefore, the defect in picky appears to be selective for the Toll pathway. To determine where in the Toll pathway picky might lie, we crossed the picky mutation into a Toll 10b gain of function mutant. picky was not able to suppress the constitutive expression of Drosomycin in a Toll 10b mutant (Fig.  6C ). This epistasis analysis places picky either upstream of Toll, which would be consistent with a role in bacterial recognition or in a parallel pathway. Because the phenotype of picky flies suggested that recognition occurring at the peptidoglycan level was affected, the PGRP genes were obvious candidate genes to test. The picky mutation was analyzed in trans to overlapping deficiency chromosomes in the region of the three PGRP genes, PGRP-SC1a, -SC1b, and -SC2, on the second chromosome. Two deficiencies failed to complement picky for S. aureus phagocytosis: Df H3E1 that deletes a genomic interval 44D1-4 to 44F12 and Df H3D3 that deletes 44D1-4 to 44F4-5. picky does complement Df 44Ce, which deletes 44C1-2 to 44E1-4, and Df H3C1 deletes 43F to 44D3-8 (data not shown). picky maps to the 44E1-4;44F4-5 interval, which likely contains the PGRP gene cluster at 44E2. The ORFs of these three genes showed no sequence changes in the picky mutant. We examined the expression levels of 16 genes in the 100 kb surrounding the PGRP-SC1͞2 locus and found that only the PGRP-SC1a and PGRP-SC1b expression levels were decreased by Ͼ50% in the picky mutants (Fig. 3A and Fig. 7 , which is published as supporting information on the PNAS web site). PGRP-SC1a and PGRP-SC1b are identical in amino acid sequence; PGRP-SC2 is 68% identical to PGRP-SC1a in amino acid sequence. Specific probes designed to distinguish between the three genes with quantitative real-time PCR were used to analyze their levels of gene expression in mutant vs. parental flies. PGRP-SC1a expression levels were significantly reduced (25% of wild-type levels). PGRP-SC1b was expressed at half the level in the mutant compared with wild type. A comparison of the relative expression levels of PGRP-SC1a and PGRP-SC1b in wild-type flies indicated that PGRP-SC1a was the predominant message in parental adult flies and contributed to Ͼ95% of the total PGRP-SC1a and -SC1b RNA. PGRP-SC2 was expressed in the mutant at wild-type levels. The primary site of expression of PGRP-SC1a͞b had been shown to be the gut (17), raising one question as to whether it could be found in the hemolymph to function in phagocytosis and AMP responses. All three PGRP transcripts could be detected in the adult gut, hemocytes, and fat body (Fig. 8 , which is published as supporting information on the PNAS web site); however, the expression of PGRP-SC1a in the gut is 15-fold higher than that seen in the hemocytes or fat body. In sum, these results indicated that the picky mutation is likely a regulatory mutation affecting the expression of PGRP-SC1a.
To verify that the picky immune defects were due to a loss of PGRP-SC1a function, we used P element-mediated transformation to express PGRP-SC1a under the control of a UAS promoter in the mutant flies. To determine the role of the catalytic activity, a wild-type PGRP-SC1a and a catalytically dead mutant PGRP-SC1a (PGRP-SC1am) were made and compared for their ability to rescue the picky phenotypes. To generate the catalytically dead PGRP-SC1a, a mutation changing the active site cysteine-168 to a serine was introduced. This mutation should generate a PGRP-SC1a that can still bind, but can no longer cleave peptidoglycan (18) . Both transgenes were able to rescue the picky AMP phenotype and the initial phagocytosis defect observed in the picky mutant (Fig. 3) . Three independent PGRP-SC1a transgenic lines were tested for rescue, and 93% of the flies (27 of 29) examined recovered the ability to phagocytose S. aureus particles (Fig. 3C) . With expression of the cysteineserine mutant PGRP-SC1am, 68% (19 of 28) of the flies examined showed phagocytosis of S. aureus particles, but the intensity of fluorescence observed in the phagocytes was much less than seen in wild type or with the catalytic rescue. The ability of the transgenes to rescue both AMP responses and phagocytosis defect confirmed that loss of PGRP-SC1a in picky flies was indeed the cause of the observed immune phenotypes. These results also suggested that the catalytic activity of PGRP-SC1a may be dispensable for these two immune functions.
PGRP-SC1a Catalytic Activity Is Essential for Recognition and Clear-
ance of S. aureus. To uncover the role of the catalytic activity in PGRP-SC1a function, it made sense to examine the host response to live bacteria, instead of microbial particles. S. aureus injection is lethal to wild-type flies, but there are significant differences in susceptibility between parental and picky mutant flies within the first 24 h (Fig. 2 A) . picky mutants showed a dramatic die-off within the first 12 h, whereas wild-type flies took 24 h to reach the same percent death. The catalytic PGRP-SC1a rescue line is able to rescue survival, but not to wild-type levels (Fig. 4A) . The expression of the transgene with the UAS-GAL4 system may not fully replicate wild-type regulation of PGRP-SC1a. In contrast, the cysteine-serine mutant PGRP-SC1am is not able to rescue to a significant degree (P Ͼ 0.01) and shows susceptibility similar to the picky mutants. This result indicates that despite the activation of the Toll pathway and phagocytosis of S. aureus particles in the cysteine-serine mutant rescue flies, this is not sufficient for rescue of survival to S. aureus infection.
To try and identify a difference between the wild-type PGRPSC1a and the cysteine-serine mutant PGRP-SC1am rescue that accounts for differences in survival, S. aureus-GFP (36) infection was monitored in the wild-type, picky, and rescue lines over the course of a day. The two rescue lines differed in their ability to clear an S. aureus-GFP infection that correlated well with their ability to survive infection (Fig. 4B) . In wild-type flies, most of the S. aureus-GFP fluorescence was seen in the blood cells 12 and 24 h after infection. The persistence of fluorescence at 24 h suggested that some S. aureus were able to survive in wild-type phagocytes and may be the cause of the eventual lethality. This clearance assay is similar to the phagocytosis assay in that fluorescent bacteria is seen in the phagocytes, but it differs in that there is no quenching of extracellular fluorescence, so the visualization of S. aureus-GFP in the phagocytes is due to a noticeable relocalization of GFP to those cells. Also, the phagocytosis assay indicates whether any bacteria can be found in the phagocytes after 30 min, whereas this clearance assay gives a sense of the flies' ability to clear or collect all of the S. aureus into phagocytes over the course of a day. In picky flies, the GFP fluorescence remains diffuse throughout the abdomen at 12 h after infection. The phenotype was not assessed at 24 h because all of the picky flies were dead at this time point. The inability of picky flies to noticeably collect the S. aureus-GFP in the phagocytes is consistent with their inability to phagocytose S. aureus particles. All of the wild-type (catalytic) rescue flies were able to gather the S. aureus-GFP into the phagocytes after 24 h, indicating rescue of the picky phenotype. In contrast, none of the cysteine-serine mutant (noncatalytic) rescue flies were able to collect the S. aureus-GFP into the phagocytes, even after 24 h. Overall, this clearance assay proved to be quite robust; of the 30-45 flies representing each class that were examined, all of the flies within a given class showed identical responses to that shown in Fig. 4B . These results indicate that the catalytic activity of PGRP-SC1a is absolutely required for efficient phagocytosis of live S. aureus over time. The clearance results correlate well with the survival curves, indicating that the ability to collect S. aureus into the phagocytes is essential for staving off an early death.
Addition of Free Peptidoglycan Can Substitute for the PGRP-SC1a
Catalytic Activity. We were curious as to how the presence of free peptidoglycan, either shed from a growing bacterium or digested from the bacterial cell wall by a catalytic PGRP like PGRP-SC1a, might affect the host phagocytosis response. To address this question, the effect of conditioned bacterial growth media on the ability of the picky mutant and transgenic rescue flies to phagocytose S. aureus-GFP was examined. A mid-log culture of S. aureus left in LB growth media should contain shed peptidoglycan, whereas S. aureus grown in LB, then washed and resuspended in PBS, will not. picky mutants were unable to phagocytose either preparation of S. aureus-GFP bacteria within 30 min, whereas wild type and the catalytic rescue were able to phagocytose both (data not shown). Of interest, the cysteineserine mutant rescue flies were unable to phagocytose S. aureus in PBS, but were able to phagocytose S. aureus in growth media. This result indicates that the catalytic activity is absolutely necessary for recognition and phagocytosis of live S. aureus bacteria in PBS. To determine whether the effect is due to free peptidoglycan, PBS-washed bacteria were supplemented with increasing amounts of S. aureus peptidoglycan. This was sufficient to restore phagocytosis in the cysteine-serine mutant rescue line (Fig. 9 , which is published as supporting information on the PNAS web site) but not in the picky mutant (data not shown). Of note, the addition of exogenous peptidoglycan was also sufficient to enable the cysteine-serine (noncatalytic) rescue flies to rescue the picky S. aureus survival defect (Fig. 9) . Again, this rescue was not to wild-type levels, but was significantly improved relative to the picky mutant (P Ͻ 0.01) and was similar to that seen with the catalytic rescue line (P ϭ 0.32). Together, these results suggest that the cleavage of peptidoglycan can be substituted by the addition of free peptidoglycan and that PGRP-SC1a needs this free peptidoglycan to efficiently recognize and phagocytose S. aureus.
Discussion
The peptidoglycan recognition protein family is important for allowing the Drosophila immune response to distinguish between Gram ϩ and Gram Ϫ bacteria for the activation of specific AMP signaling pathways (4-10). Our data indicate that phagocytosis also relies on PGRPs to distinguish between Gram ϩ and Gram Ϫ bacterial peptidoglycan. We report that a catalytic PGRP, PGRP-SC1a, is essential for the phagocytosis of S. aureus and the activation of AMP responses. The fact that PGRP-SC1a mutants have a striking phagocytosis defect indicates that it is absolutely required and that other PGRPs are not able to substitute for its loss of function. PGRP-SC1a differs from the existing PGRP mutants in that it has catalytic activity that is essential for efficient phagocytosis and ultimately limiting the infection process. Hence, noncatalytic PGRPs, such as PGRP-SA, may not be able to substitute for PGRP-SC1a function. Because PGRPSC1a is likely present in the hemolymph, it may be acting as an opsonin to bind bacteria, with the PGRP-bacterial complex then being recognized by transmembrane phagocytosis receptors that complete the uptake into the phagocyte. An alternative model is that PGRP-SC1a may generate peptidoglycan cleavage products that function as immune modulators to stimulate phagocytic activity.
Our result showing that ird7 mutants can phagocytose E. coli in vivo differs from a previous report that found that RNAi of PGRP-LC caused a defect in the phagocytosis of E. coli in S2 cells (9) . This discrepancy in results may reflect inherent differences in the assays. The S2 cell phagocytosis assay is able to detect quantitative differences in phagocytosis using fluorescence-activated sorting, but does not directly distinguish between bacteria at the surface and internalized bacteria (21) . The in vivo assay by our method is not as quantitative but is able to test mutations in the animal where the phagocytes are in their natural cellular environment and detects only internalized bacteria. Our experiments suggest that Drosophila adults may require other receptors in addition to PGRP-LC for the cellular recognition of Gram Ϫ bacteria in vivo. The fact that PGRP-LC mutants can still phagocytose E. coli, but fail to activate AMP responses (4-7, 9, 10) , also indicates that the recognition events activating these two responses can be distinct.
For S. aureus, PGRP-SC1a is necessary for recognition of bacteria for both the phagocytosis and AMP responses. However, for E. coli, PGRP-SC1a is similar to PGRP-LC in that it is not necessary for recognition for phagocytosis, but is necessary for the activation of an AMP response. This finding raises the interesting issue of the role PGRPs play in recognizing Gram Ϫ bacteria. In Gram Ϫ bacteria, the peptidoglycan is buried under an outer membrane, so it has been proposed that the small amounts of PGN that are shed may be sufficient to trigger the AMP response (7) . Because the cell wall PGN is not easily accessible, it makes sense that the PGRPs are not playing a direct role in recognition for phagocytosis. An alternate possibility is that the exposure of bacterial peptidoglycan occurs after the initial uptake into phagocytes, and at that later point, is then recognized by PGRP-LC and PGRP-SC1a to trigger AMP responses. There is precedence for intracellular recognition in the phagosome in mammalian immune responses, with studies indicating that mammalian short PGRPs function in the phagosome to inhibit bacterial growth (12, 15, 37) and the observation that Toll-like receptor recognition of bacteria in the phagosome can influence the rate of phagosome maturation (38) . A related possibility is that some basal level of activation of PGRP-SC1a and the Toll pathway may be required for any expression of Drosomycin. picky mutants show much lower expression of Drosomycin than wild type in the absence of infection, so perhaps an induction may not be detectable.
We also found that seml mutants are defective in the phagocytosis of S. aureus but not E. coli. Recent reports have indicated that the processing of peptidoglycan into monomers, lactyltetrapeptides, or muropeptides, can yield potent activators of the AMP response for both the Imd (6) and the Toll pathway (39) . It was further suggested for the Toll pathway (39) that processing of peptidoglycan may be a prerequisite step upstream of PGRPSA͞seml recognition and activation of the Toll AMP pathway. This model would be consistent with catalytic PGRPs, such as PGRP-SC1a, playing a supporting role in the processing of peptidoglycan for initiating recognition events.
As many PGRPs are clearly required for activation of immune effector responses, the issue arises as to the specificity of PGRPs for their substrates. Work from several groups indicates that alternative splice variants (in PGRP-LC) (4, 6, 10) or small differences in amino acid sequences (from PGRP-LB and human PGRP-I␣ structural analyses) (40, 41) may result in the ability of different PGRPs to have distinct recognition potential. It will be interesting to explore the range of bacterial types recognized by the 17 Drosophila PGRP proteins and to determine how subtle differences in recognition may be reflected by specific amino acid sequences. There may also be genetic interactions or antagonism in their function, so using the genetic tools available in Drosophila may be necessary for ultimately determining both their unique and redundant roles.
This work demonstrates the utility of a forward genetic approach to understanding the recognition of pathogen types for phagocytosis and activation of AMP responses. It is hoped that identification of genes important for recognition of bacteria in Drosophila should increase our understanding of how the process works in our own immune system.
Materials and Methods
Phagocytosis Assay and Genetic Screen. The assay was done as described (1) . Adult flies were injected in the abdomen with fluorescently labeled microbial particles or bacteria expressing GFP. After 30 min, trypan blue was injected; if hemocytes take up the fluorescent particles, the fluorescence can be visualized through the cuticle on the dorsal side of the abdomen. For the genetic screen, we injected a 4 mg͞ml mixture of rhodaminelabeled S. aureus particles and fluorescein-labeled E. coli particles (Molecular Probes). Injecting a mixture provides an internal control because most of our mutants are able to phagocytose one particle type but not the other. The phagocytosis assay is not quantitative with our method, although we can get a sense whether the fluorescent signal is weaker than normal or there is a decrease in the number of cells showing phagocytosis. Because of the range in the fluorescent signal or numbers of phagocytes showing fluorescence in wild-type, we use a stringent criteria and score lines with any evident fluorescence in phagocytes as positive for phagocytosis. In a potential phagocytosis mutant, we may see anywhere between 0 to 25% of the Ն10 flies examined as still being able to phagocytose some bacteria. For phagocytosis mutants, the assay was repeated several times (in Ϸ30-40 animals total) to verify the phenotype. For phenotypic analysis of the picky mutant, the isogenic parental cn bw strain that was mutagenized to generate the mutant (25) was used as the wild-type control.
Reverse Transcription and Quantitative Real-Time PCR. For AMP expression, for the 2-h time point, adult flies were injected with either an overnight culture of E. coli, M. luteus, or S. aureus resuspended in PBS. For the 24-h time point, adult flies were injected with a 1:100 dilution of a mid-log culture (OD 600 0.5-0.6) of E. coli, M. luteus, or S. aureus that was washed and resuspended in PBS. RNA was isolated from adult flies by homogenizing flies in STAT-60 buffer according to the manufacturer's protocol (Isotex Diagnostics). The RNA was digested with RNase-free DNase, then subjected to reverse transcription using Superscript II (Invitrogen) and quantitative real-time PCR using either LUX probes (Invitrogen) or SYBR-green (Applied Biosystems) on an ABI 5700 following the manufacturers' protocols. The specific primers used can be found in Supporting Text, which is published as supporting information on the PNAS web site. The experiments were done in triplicate and the error bars represent standard deviation.
Generation of Transgenic Rescue Flies. The cloning and mutagenesis strategy to generate UAS-PGRP-SC1a and the UAS-PGRPSC1am (noncatalytic version) are detailed in Supporting Text. Once transformant flies were identified, the transgenic rescue chromosomes were crossed into the picky mutant background by using standard genetic crosses. These flies were then crossed to flies carrying picky and a T155-GAL4 driver that expresses GAL4 in the lymph gland, fat body, and other tissues (26) .
Survival Experiments. Adult flies were aged to at least 5 days old and injected in the abdomen with either PBS as a control or a 1:100 dilution of a mid-log culture (OD 600 0.5-0.6) of either E. coli or S. aureus, washed and resuspended in PBS by using a Pneumatic PicoPump PV820 (World Precision Instruments) for injections. Survival after injection was assessed every 6 h over a 30-h period. Sixty flies were injected for each experiment, and the experiments were done in triplicate. A log-rank test was used to compare survival curves, and P values Ͻ0.01 were deemed significant.
